Soft lithography is an alternative to silicon-based micromachining that uses replica molding of nontraditional elastomeric materials to fabricate stamps and microfluidic channels. We describe here an extension to the soft lithography paradigm, multilayer soft lithography, with which devices consisting of multiple layers may be fabricated from soft materials. We used this technique to build active microfluidic systems containing on-off valves, switching valves, and pumps entirely out of elastomer. The softness of these materials allows the device areas to be reduced by more than two orders of magnitude compared with silicon-based devices. The other advantages of soft lithography, such as rapid prototyping, ease of fabrication, and biocompatibility, are retained.
The application of micromachining techniques is growing rapidly, driven by the dramatic success of a few key applications such as microfabricated accelerometers (1, 2) , pressure sensors (3) , and ink-jet print heads (4) . New applications are appearing in other fields, in particular fiber optic communications (5, 6) , displays (7), and microfluidics (8 -12) . The two most widespread methods for the production of microelectromechanical structures (MEMS) are bulk micromachining and surface micromachining. Bulk micromachining is a subtractive fabrication method whereby single-crystal silicon is lithographically patterned and then etched to form threedimensional (3D) structures. Surface micromachining, in contrast, is an additive method where layers of semiconductor-type materials (polysilicon, metals, silicon nitride, silicon dioxide, and so forth) are sequentially added and patterned to make 3D structures.
Bulk and surface micromachining methods are limited by the materials used. The semiconductor-type materials typically used in bulk and surface micromachining are stiff materials with Young's modulus ϳ100 GPa (13) . Because the forces generated by micromachined actuators are limited, the stiffness of the materials limits the minimum size of many devices. Furthermore, because multiple layers must be built up to make active devices, adhesion between layers is a problem of great practical concern. For bulk micromachining, wafer-bonding techniques must be used to create multilayer structures. For surface micromachining, thermal stress between layers limits the total device thickness to ϳ20 m. Clean-room fabrication and careful control of process conditions are required to realize acceptable device yields.
An alternative microfabrication technique based on replication molding is gaining popularity. Typically, an elastomer is patterned by curing on a micromachined mold. Loosely termed soft lithography, this technique has been used to make blazed grating optics (14) , stamps for chemical patterning (15) , and microfluidic devices (16 -20) . Soft lithography's advantages include the capacity for rapid prototyping, easy fabrication without expensive capital equipment, and forgiving process parameters. For applications with moderate-sized features (Ն20 m) such as microfluidics, molds can be patterned by using a high-resolution transparency film as a contact mask for a thick photoresist layer (21) . A single researcher can design, print, pattern the mold, and create a new set of cast-elastomer devices within 1 day, and subsequent elastomer casts can be made in just a few hours. The tolerant process parameters for elastomer casting allow devices to be produced in ambient laboratory conditions instead of a clean room. However, soft lithography also has limitations: It is fundamentally a subtractive method (in the sense that the mold defines where elastomer is removed), and with only one elastomer layer it is difficult to create active devices or moving parts. A method for bonding elastomer components by plasma oxidation has been described previously (21) and has been used to seal microfluidic channels against flat elastomer substrates (20, 22) .
We describe here a technique called "multilayer soft lithography" that combines soft lithography with the capability to bond multiple patterned layers of elastomer. Multilayer structures are constructed by bonding layers of elastomer, each of which is separately cast from a micromachined mold (Fig. 1A) . The elastomer is a two-component addition-cure silicone rubber. The bottom layer has an excess of one of the components (A), whereas the upper layer has an excess of the other (B). After separate curing of the layers, the upper layer is removed from its mold and placed on top of the lower layer, where it forms a hermetic seal. Because each layer has an excess of one of the two components, reactive molecules remain at the interface between the layers. Further curing causes the two layers to irreversibly bond: The strength of the interface equals the strength of the bulk elastomer. This process creates a monolithic three-dimensionally patterned structure composed entirely of elastomer. Additional layers are added by simply repeating the process: Each time the device is sealed on a layer of opposite "polarity" (A versus B) and cured, another layer is added.
The ease of producing multilayers makes it possible to have multiple layers of fluidics, a difficult task with conventional micromachining. We created test structures of up to seven patterned layers in this fashion (23) , each of ϳ40 m thickness (Fig. 2F) . Because the devices are monolithic (i.e., all of the layers are composed of the same material), interlayer adhesion failures and thermal stress problems are completely avoided. Particulates disturb interlayer adhesion very little, if at all. Perhaps most importantly for the actuation of microstructures, the elastomer is a soft material with Young's modulus (24) ϳ750 kPa, allowing large deflections with small actuation forces. One can also control the physical properties of the material. We created magnetic layers of elastomer by adding fine iron powder and electrically conducting layers by doping with carbon black above the percolation threshold (25) . There is thus the possibility of creating all-elastomer electro-magnetic devices (26) .
To demonstrate the power of multilayer soft lithography, we fabricated active valves and pumps. Monolithic elastomeric valves and pumps, like other mechanical microfluidic devices, avoid several practical problems affecting flow systems based on electroosmotic flow (8, 9, 20, (27) (28) (29) or dielectrophoresis (30, 31) , such as electrolytic bubble formation around the electrodes and a strong dependence of flow on the composition of the flow medium (32) (33) (34) . Electrolytic bubble formation, although not a problem for laboratory devices, seriously restricts the use of electroosmotic flow in integrated microfluidic devices. Also, neither electroosmotic nor dielectrophoretic flow can easily be used to stop flow or balance pressure differences.
We fabricated our valves using a crossedchannel architecture (Fig. 1A) . Typical channels are 100 m wide and 10 m high, making the active area of the valve 100 m by 100 m. The membrane of polymer between the channels is engineered to be rela- *To whom correspondence should be addressed. Email: quake@caltech.edu tively thin (typically 30 m). When pressure is applied to the upper channel ("control channel"), the membrane deflects downward. Sufficient pressure closes the lower channel ("flow channel"). For optical convenience, we typically seal our structures with glass as the bottom layer; this bond with glass is reversible, so devices may be peeled up, washed, and reused. We also fabricated devices where the bottom layer is another layer of elastomer, which is useful when higher back pressures are used. The response time of devices actuated in this fashion is on the order of 1 ms, and the applied pressures are on the order of 100 kPa, so a 100 m by 100 m area gives actuation forces on the order of 1 mN. Pneumatic actuation allows active devices to be densely packed; we built microfluidics with densities of 30 devices per square millimeter, and greater densities are achievable. This actuation speed, pressure, and device density are more than adequate for the vast majority of microfluidic applications.
The shape of the flow channel is important for proper actuation of the valve (Fig.  1B) . Rectangular and even trapezoidal shaped channels will not close completely under pressure from above. Flow channels with a round cross section close completely; the round shape transfers force from above to the channel edges and causes the channel to close from edges to center. We found that 100 m by 100 m by 10 m valves over trapezoidal channels would not close completely even at 200 kPa of applied pressure, whereas rounded channels sealed completely at only 40 kPa.
Making multiple, independently actuated valves in one device simply requires independent control of the pressure applied to each control line (35). Figure 2 , A to E, shows simple configurations resulting in on-off valves (Fig. 2, A and B) , a pump (Fig. 2C) , a grid of valves (Fig. 2D) , and a switching valve (Fig. 2E) . Each control line can actuate multiple valves simultaneously. Because the width of the control lines can be varied and membrane deflection depends strongly on membrane dimensions, it is possible to have a control line pass over multiple flow channels and actuate only the desired ones. The active element is the roof of the channel itself, so simple on-off valves (and pumps) produced by this technique have truly zero dead volume; switching valves have a dead volume about equal to the active volume of one valve, that is, 100 m ϫ 100 m ϫ 10 m ϭ 100 pl. The dead volume required and the area consumed by the moving membrane are each about two orders of magnitude smaller than any microvalve demonstrated to date (11) .
The valve opening can be precisely controlled by varying the pressure applied to the control line. As demonstrated in Fig. 3A , the response of the valve is almost perfectly linear over a large portion of its range of travel, with minimal hysteresis. Thus, these valves can be used for microfluidic metering and flow control. The linearity of the valve response demonstrates that the individual valves are well-modeled as Hooke's law springs. Furthermore, high pressures in the flow channel ("back pressure") can be countered simply by increasing the actuation pressure. Within the experimental range we were able to test (up to 70-kPa back pressure), valve closing was achieved by simply adding the back pressure to the minimum closing pressure at zero back pressure. Monolithic elastomer valves fabricated as described here can be actuated with surprising speed. The time response for a valve filled with aqueous solution is on the order of 1 ms, as shown in Fig. 3B . The valve still opens and closes at 100 Hz, although it does not open completely. The valve responds nearly instantaneously to the applied pressure, but applied pressure lags substantially behind the control signal (36) .
We also fabricated a peristaltic pump from three valves arranged on a single channel (Fig. 4A) . Pumping rates were determined by measuring the distance traveled by a column of water in thin (0.5 mm interior diameter) tubing; with 100 m by 100 m by 10 m valves, a maximum pumping rate of 2.35 nl/s was measured (Fig. 4B) . Consistent with the previous observations of valve actuation speed, the maximum pumping rate is attained at ϳ75 Hz; above this rate, increasing numbers of pump cycles compete with incomplete valve opening and closing. The pumping rate was nearly constant until above 200 Hz and fell off slowly until 300 Hz. The valves and pumps are also quite durable: We have never observed the elastomer membrane, control channels, or bond to fail. None of the valves in the peristaltic pump described above show any sign of wear or fatigue after more than 4 million actuations. In addition to their durability, they are also gentle. A solution of Escherichia coli pumped through a channel and tested for viability showed a 94% survival rate (37) .
Monolithic active valves built as described here have several notable advantages over silicon-based microfluidic valves. Because of the low Young's modulus of silicone rubber, the valves' active area is no larger than the channels themselves; this permits exceptionally low dead volumes. Because of the softness of the membrane, complete valve sealing is easily attained, even in the presence of particulates. The valves close linearly with applied pressure, allowing metering and permitting them to close in spite of high back pressure. Their small size makes them fast, and size and softness both contribute to making them durable. Small size, pneumatic actuation, and the ability to cross channels without actuating them allow a dense integration of microfluidic pumps, valves, mixing chambers, and switch valves in a single, easyto-fabricate microfluidic chip. The greatest advantage, however, is ease of production. Compared with valves and pumps made with conventional silicon-based micromachining (11) [or even hybrid devices incorporating polymers (38 -41) ], monolithic elastomer valves are simpler and much easier to fabricate.
The use of nontraditional materials gives the multilayer soft lithography method a number of advantages over conventional micromachining, including rapid prototyping, ease of fabrication, and forgiving process parameters. It allows multilayer fabrication without the problems of interlayer adhesion and thermal stress buildup that are endemic to conventional micromachining. This process can be used to construct complex multilayer microfabricated structures such as optical trains and microfluidic valves and pumps. The silicone rubber used here is transparent to visible light, making optical interrogation of microfluidic devices simple. It is also biocompatible-materials in this family are used to fabricate contact lenses. The raw material is inexpensive, especially when compared The pressure applied on the control line is 100 kPa, which is substantially higher than the ϳ40 kPa required to close the valve. Thus, when closing, the valve is pushed closed with a pressure 60 kPa greater than required. When opening, however, the valve is driven back to its rest position only by its own spring force (Յ40 kPa). Thus, close is expected to be smaller than open . There is also a lag between the control signal and control pressure response, due to the limitations of the miniature valve used to control the pressure. Calling such lags t and the 1/e time constants , the values are t open ϭ 3.63 ms, open ϭ 1.88 ms, t close ϭ 2.15 ms, and close ϭ 0.51 ms. If 3 each are allowed for opening and closing, the valve runs comfortably at 75 Hz when filled with aqueous solution (36) . Valve opening was measured by fluorescence. The flow channel was filled with a solution of fluorescein isothiocyanate in buffer (pH Ն 8), and the fluorescence of a square area occupying the center third of the channel was monitored on an epi-fluorescence microscope with a photomultiplier tube with a 10-kHz bandwidth. The pressure was monitored with a Wheatstone-bridge pressure sensor (SCC15GD2; Sensym, Milipitas, California) pressurized simultaneously with the control line through nearly identical pneumatic connections. with single-crystal silicon (ϳ$0.05/cm 3 compared with ϳ$2.5/cm 3 ). Most important, it has a low Young's modulus, which allows actuation even of small area devices. Pneumatically actuated valves and pumps will be useful for a wide variety of fluidic manipulation for lab-on-a-chip applications. In the future, it should be possible to design electrically or magnetically actuated valves and pumps that can be used as implantable devices for clinical applications.
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